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PROBLEM I.l: Cocibugtlon of No > 6 Fuel* Oil 

. u 

Assuna p«rf«ct conbuation of No. 6 fuel oil with stoichiometric air- 
The gravimetric analysis of a san^le of this fuel oil Isi 

88.52% carbon , 

10.87% hydrogen - , 

\ 0.40% sulfur 

0.10% nitrogen 

0.06% oxygen 

0.05% ash 



Coayute i 

1. Hie gravimetric etnalysis (weight -percent) of the flue gases 

2. Total volume of flue gases (at 500^ and 1 atmosphere)^ per 
pound of oil burned • f 

3. Volume percent^ of CO2 in dry flue gases 



Solution to^ Problem I.l ; 

$«l«ct as a basis for calculatlont 100 lbs. of>Cue£ oil hiimed. This is 
chosan for convanienca as tha gravimetric anafyais will giva the amounts 
of various alanants diractl;^. Ansirars can easily be scaled to the 1 lb. 
of oil as required in Part 2. ^ «u * 

A tabular form of solution is presented on the nex^page, as this will 
(i) help to organize thinking, (ii) permit presentition of results in 
a compact format, and (iii) avoid con^fusion 




TABLE I.l 



/ 







•1 


— 

< 


FUEL 


— ■ — 


COMB. 


AIR REQ'D 


i — ^ 


— ^ 


FLUE PRODUCTS 






V 


Element 
(«) 

" ~ ■ — ■■— " 


H.W. 

(b) 


^antity 
lb. lb-mole 
(c) (d) 


"2 

Ib-molo 


N2 
lb-mole 

(f) 


Ciqpd. 

(g) 


M. W. 

. (h) 


lb-mole 
(i) . 


lb. 
(1) 


i 

WCf t % 

(k) 


1 




c 


12 


88.52 


7. 38 


7.38 


27.8 


COn 


44 


'^'.38 


i 

325 


21.8 . 






"2 


2 


16.^7 


5.44 


2.72 


10.2 
7 






5.44 


97'. 9 


f\ fx 

v) • 0 




S 


32 


0.40 


0.012 


0.012 


0.045 


so. 


64 


0.012 


* 0.77 


0.05 




1 

K> 


Ash 


32 
28 


0.06 
0.10 
0.05 


0.002 
0.0036. ' 


-0.002 


-0.007 


02 

N2 


32 
(28 


38.0 


1064 * 

• 


71.5 






Itotal 




100,00 




19.11 


38. q4 


\ 




50.8 


1,488 


99.95 


' 1 










• 


48'.a5 




{ 
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Notes, for Column Headings : 

(c) Prom gravimetric analyels of fuel 

id) - (c) + (b) 

(e), From basic chemistry, i.e.: 
C + O2 -^..,C02 
"2 + ^2 ^ "2O 
• S + Oj SO2 

Oxygen in fuel reduces air requirements. ♦ 
Excess air, if any, is usually specified 
as % of theoretical and added to the total. 



(f)V^ (0.79/0.2l\ X 



(e) 



(g) Products corresponding to complete combustion 
of various oxidlzable elements in the "fuel 

fi) Pound-moles of products from Jthe amount of 

combustibles in "(d). Note that oxygen prfesent 
only if excess .ai'r -added, and nitrogen is the 
total of (f ) , including any from excess air. 

g) * (h) X (1) » ^ 
(k)^ - (j) X 100/E(j) 

9 



1 



GrWimetric ^n«lysia of flue gases given by Column (k) of the table 

/' — -■ 

Part 2 . 

r^^VoJ- Jhl M'^''^Jf ^ '""^ "^'""^ flue gases (Equation 2.6; 

p. or the Student Manual). . 



V - nRT/p 

where n - ^0,8 I b-molea flue gases ^ ^ 

100 ^ - 0.508 Ib-molea/lb 

j 

# from Table I.l 

** 

R - (f.7302 atm-ftV (lb-mole ^R) 

from Attachment 2-2, p. t-24 of the Student Manual 
T - 5oW + 460 - 960*^ 
P - 1.0' atm- 
V - (0.508) (0.7302) (906)/(1.0) - 356 ft^ 



Part 3 . 

Dry flue gases (from Table I.l) " 

Cong)ovincl lb-moles 

7.38 

. * SOj 0.012 

O2 ' - . 

38.0 

"^^al 45.4 lb-moles 

Vol. % CO2 » 7.38 X lOOV 45.4 » 16.3 % 

t === 

• 1-3 
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PROBLEM 1-2: Coabustlon of Ga<^» 

Conaidttr a g^moxxm fu«l compoMd of 60% And 40% CH^ by volume. 

; ...r 

D#f rmln# ! 

1. Tha voluM of air r^q^fired for ca«plat« cowbuation of 1,000 scfm 
of tha abova qaaas with 100% thaoratical air 

2. Ilia pounda of air raquirad for burning 1.00 pound a of fual 

3. lha volua»tric analyaia of fliia gaaaa (producta) , including 
watar vapor (aaauaM nci watar^ ia cpndanaad) 



4. Tha gravia^tric analyaia of tha raactanta (fual gaa and air 
aixtura) 

5. lha partial praaaura of tha watar vapor in tha flua for a tot^l 
praaaura of If. 7 paia 




+ 4.14 

; 



1.00 5.25 
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(A) 



Solution to Problwi I.2 i 

Co«i>l«t« and balance tha co«*>u«tion aquation uaing 1 lb-«ola of g«» 
as l^a baaia. 

0.60 Hj > 0.40 CH4 + a Oj + b N2 c COj + d H2O + b Nj 

>. • _ . 

^ balanca tha aquation c " - . 

d • 0.60 ■»-'2 (0.40) - 

a - c + d/2 - 

b - (0.79/0.21) a - ^ 

Ttiuai 

0.60 ■»■ 0.40 CH^ + O2 + Nj ^ COj + ■»■ M2 



+ 4.14 (C) 



1.20 4 6.40 +' 



* 115.9 ■* 



+ 115.9 



K 



7.60 



(D) 



-J 



Part 1, 



rro« Equation (C) not* that 5.24 volumes of air required for co«i)lete 
coabuation of 1.00 volunea of this fuel gas. 



Therefore] 



Vol. of air - (5.24 acf* air/acf« gas) ( 



•cfii gas) - 



scfii aii^ 



Another approach Makes uee of Equation 2.4, p. 2-7 of the Student Mantuil, 
which for gaees containing only H2 and CH^ reducea to: 



'a, t ■ 2.38 (H2) + 9.53 (CH4) 



(B) 



where 



(Hj) - ^.60 
(CH^) - 0.40 



V t - 2.38 ( _) % 9.53 ( ) - 5.24 met ^t/ met gaa 

vhich is the saae as obtained in the Preliplnary Celculation (Equation C 
above) . 



Part 2. 



Froai Bquation D above, 7.60 lb. of fuel gas requires 



lb. air. 



Air required per pound of gas burned ■ ( 



lb.air)/7.60 lb. gas 
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lb. air/lb. gas 



t2 



Part 3. 

1r- 



Pro«i Bquatloh (C) «bov«, total volume of flu« products Is 



> 4.14 

N2 



(D 



VolUM % of flu* products: 



% C02 



■ .« 100 / (Ratult of Ecjuatlon f abov«) - 

■ X 100 / I - % 

* "2 *■ X 100 / ( ) - % 



P«rt 4. 



Tiabulat* th« laft-twnd aid* of Bquatlon (B) abow; 



Raactant 



■2 
»2 



Halati^ Maaa 

1.20 



6.40 



115.9 



VDtal 



100.0 



Motet Wgt. % of RaactMt 1 - (iiaaa of i) x 100 / TotMl Maaa 



Part S. N 

Pfrtial pciMaura of a 9aa«6ua 
of tbm Stodant Manual. 



ooaponant la glvan by B4uatlQa.J.9, p. 2-10 



^■20 ■ ^"^iO^ * <P>/*H»tml 



where 



n Ib^-itK'^le.'i oi vo]\iim? f torn i:t|\j<nt ion (O) 

p • total pressure of flue products 



Ttius : 



lb-n»*c8 H2O) (14*7 psia) / ( 



pa la 



lb-moles of flue^ gases) 



Pl«DaU::{l 1 . 3 1 ' Available H*»aL 

Consider a boiler which burne 10,000 standard cubic feet per hourVf a 
waste gas with higher heating value of 258 Btu/scf. 



Determine s 

1. 'nie gross heating value per hour for collate coinbuation 

-2. 1|ie available heat if the flue^gases leave the boiler heat 
exchanger at 500^ and complete combustion is achieved with 
' ^ ^theoretical coobustion &ir 

3^ The available heat fron the same boiler if 20% okcess air had 
h%mn \|s«k1 and flue gas exit tempfrature was still 500^ 



^lution to Probleai I.3t 

' — ' i ■ 

PTt 1 , 

Gross hMting valu« per hour - (Qg, Btu/scf) (FmI rata, scf/hr) , * (A) 

- (258 Btu/scf) (10,000 mct/tc) 

- 2,580,000 Btu/hr 

Part 2. ^ \' 

Om Attachmsnt 2-9, 2-31 of ths Studant HanLal to sstiaate tha avail- 
abls haat, , froa ths abova fual with flua gasas at 500^. 

Interpolate b#tife«n curves In Attachment 2*9 at identical flue gas tern- 
IMuratures using the following ratios. 



Raferanca fual 



Choosing Producar Gas as the rai^ranca fualt 

(Q./Qu) - (130/163) - 0.80 

*^ Raf. fual, 500OF . 



1-8 

15 



(B) 



With wAst*' qnn: Q„ - ..'SM Htu/9.^f, from V.<\yinUnn (tn alvwo 

• ■/ 

Qf^ (258 Btu/acf) (0.90) - 206 Btu/scjS 



I 



TViLal heat' available from waste yases » (10 , l)00\scfh) (206 Btu/acf) 

A 



• 2,060,000 Btu/hr 



Part 3. 



Attachaent 2r.lO, p. 2-32 of t^e Studant Manuat, gives available heat as 
the percent groy heating value with various amounts of excess air. 

With flj^ gases at 500<^ and 20% excess air, read 
(Qj^/Q,^^ X 100 - 79% V 

iTius, heat avail^Jble per lx)\ir with 20% excess air la: 

^ 

■ (79/100) (2,580,000 Btijiau?>y - 2,038,000 Btu/hr 



(c) 



V- 
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PftDBLEM 1.4: Liquid Waata Combustion in Natural Gas-Ftr^d IVnler 



Combuatiblfi liquid wastes from a manuf aoturing proceas ia to burned 
in a boiler which Is fired with 1,059 Btu/scf higher heating >|alue 
natural g^a at a rate of 5,000 scfh. The liquid waste is equivalent to 
10 Ib/h of benzene. 



Determine t 



1. T!\\m total gross heating value to the boiler per hour. 

2. Him asK>unt of coedbusAlon air required to bum the waslte liquid, 
Xmmxmm a 20% excess of theoretical air aiKi express your results 
in scfm. 

3. 'thm amount of available heat from the boiler If the ^lue gases 
leave the heat exchanger at 600^ and c^osqplete cocnbuptlon Is 

» achieved with 20% excess air- f 

Flow Diagram « 



NATURAL GAS 
5000 ft'/hr 



i 




STACK GA^ES 

a eoo* F 



W/^STE 
BENZENE 



lO* Ib/hr 



HEAT AVAILABLE 



I-IO 



1 



Solution to Problw 1.4 



Choo9« as a basis; 



1 hour of operation- 



Part 1 



Gross hsatinq valu^ of natural gas: fi^ -1 1,059 Btu/scf. 

0 ^ f gas 

Gro«« h«atibg valif« of b«nz«n« is obtained from Attachment 2-1, p. 2-23 
of th« Studcbit Manual; 



i 

Oh, bensana ' Btu/lb 

Itotal groas haat input to tha bollar la: 

Natural gaa (5,000 acfh) (1,059 Btu/acf) - Btu/hr 

B«nz«n« (10 Ib/hr) X Btu/lb) - Btu/hr 

Tbtsal ' - . Btu/hr 



Part 2. 



Attachaant 2-1, p. 2-23 of tha Stutl^nt Manual, glv«s tha coaA>uati6n air 

raquiramant for bansane (Subatainca No. 21) a« ib air/lb banzana 

or ■ acf air/acf banzana. \ 

4 ■ • ■ * 

Dwiaity of banzena*/ Pj^^^^ .i» lb/«cf. 

Th'aoratical air raqulrad to bum banzana typa waste con?)letely'' 

^A, t " ^"banzante/^anzana^ (Theoretical scf air/scf benzene) . 

• ^ \ 10 Ib/hr 

ji, t * '. V — — 7^ * "^^^ air/pcf benzene) 

^ Ib/scf benzene) 

■\: 

" scf air/hr 

i-ii , ^ 



J8 



Air ittqui i:«iiuanltt wiLli 20% excewu aix 



'air - <^-2<5>) ( 



scf Air/hx) . - 



scf air/hr 



PTt 3 , ^ 

Itef^r to AttactuMnt 2-10, p. 2-32 of the Student Manual* Read avail- 
able heat as percent of groaa heating value with flue gaaee at 600^ 
and 20% exceee air ae % 



< 

us 



100 V- 



7 




600 • F 



t aTailabl* from thm boil«r 



- ( 



Bt\i/hr) ( .. %/100) - 



[fxoai Part l] 



[froB AttachiMnt 2->10] 
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Part A 



A ohentlcdl has installed an industrial boiler to produce process 

steam The boiler is fired with natural gas of the following composi- 
tion by voluina: 90% niethane, 5% ethane, and 5% nitrogen. The boiler 
is designed to burn 80,000 cubic feet per hour (delivered at eo^F) of 
natural gas at X0\ excess combustion air. 



Determine : 



The grosg heat input to the boiler , Btu per hour. 
Assumptions I • (a) natural gas and combufltion air enter th«' 
boiler at eo^F, (b) heat losses from the boiler due to 
radiation and convection are negligible. 

The combustion air requirement , cubic feet per hour 60<¥, 
30 inches mercury pressure) . Assume average atmospheric con- 
ditions are 60<^ and 30 inches mercury pressure. 

The available heat for process steam if the flue gases leave 
the boiler heat exchemger at 400"P. 



Part B 



•nie personnel of the chemical p^^t are now consifl-ring the addition of 
an air preheat^r to the boiler to preheat confcustion air. ^Iculations 
show that the flue gases leaving the heat exchanger section^uld dnter 
the air preheater at the /following conditions: 1,500,000 cubic feet per 
hour at 400°F. The air preheater' will be designed to reduce the fllue 
gas ten^erature to 350°F. At conditions of complete combustion, calcu- 
lations show t^« flue gases entering the air preheater to be of thej 
following compositi^ by gurnet 8.*^% COjv 1.7% Oj, 72.3% Nj, 4^ 
17.2% H2O. ( Note ; Calculations show the water vapor flow rate in the 
aqxials 7,400 lbs. per hour.) i 

Determine ; > 

S' 

4. Hie h»a^ recovered (H.R. ) from the flue gases ^by the air pre- 
heatei^based on the flue gas analysis and flue gas flow ratel 
(Note: Use Equi^tion 1 shown below. ) 

^. The ^crease in combustion air temperature resulting from the 
use an air preheater. ( Note : Use Equation 2 shown below.) 

6. -nie combustion air temperature after passing through the air 
preheater . ^ 
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20 



t 



If H 



flow \Mo (l^ ,.A(h ., .impoiU'Dt ) K (i I i .(\f <.M I'lUT in 

hoAt rontant of «Act^) 



(I) 



H.R. 



Air 



• 0.24 



Btu 



lb 



X temparature incr«aae x atr flow rat« 



(2) 



tjOW DIAWM FOR. BOILER: 



GCMBUSriGN AIR 



(XMBUCTIQN 

ZGNiB 



NfOURAL GAS 




\ 

' HEAT 
EXCHANGER 



KATER 



400?F 



1,500,0.)Q 
ft»/hr 



8.8% CO. 
X'.7% O 
72,3% 



BEAT 



^ . AMBIEOT AIR 



FLUE GASES 



AIR 
PREHEATER 



17 .2%-«2^^ 7400 IbAr 
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jSolution to Prx>^>l#Mi i, 5; 

Basis: 1 hour of o^r«\lon ^ 



1- 



J'art I 



Substance 



(a) * 

Volumatric ^ 
Flow Rat« Gro«« Htg. 
acfh Valu«, Btu/«cf 



M0th*n«— CH^ (0.90) (^0,000) = 
Ethan* — CjH^ (0.05) (80,000) « 
Nltrog«n— (O.05)(80,bo0) x 

1V:>talsi 



) 



0 



•cfh 



Note I 



(b)f 

Htt Input \ 
Btu/hr 



(a) rr«i Attachmnt 2-1, p. 2-23 of tha Studant fUnual. 

(b) Obtalnad by wiltlplylng volvoMriric flow rata by th« 
^rrasponding gross hsatlng valua. ^ 



Btu/hr 



Part 2. 



Qpabuation air rsTilrpstnt ■ 



CQHbustlbls 
Subatanca 

CH^ 



2 6 



Vol»»,, 

72,000 
4,000 



TSiaor. Air* 
acf alr/»cf ga« 



Actual Air (10% axcass) 
acf alr/»cf »cf alr/hr 



Itotal Air 



•cfh 



•Proa Attach«ant 2-1, p. 2-23 of tha Student Manual. 
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fart 3 . 

For av^ilabU h««t p«rc«nt of gro.. heating value, use Attachment 2-10. 
p. 2-32 of th« Stud«nt Manual. 



R«ad for 400^ flu* gaaas and 10% sxcaas air 
Avallabl* h*at ^Troai tha bollar - ( 



%. 

grosa Btu/hr) ( % groas/loO) 

Btu/hr . 



MMd to cjlculata flow rata of oofrtmatlon product, in Ib/hr. Firat corract 
^lua 9*a floif rata fra« 400^ to standard taafMratur* of eO^F, using 
Ch«tl«s* law (Bauation 2.7, p. 2-9 of the Studant Manual). 

^fl^a, 60Or ' <1. 500,000 ft^/hr) (460 + °F) / (460 + *V) 



ft^/hr 



\ 



Mass flov rmtm of eomponmnt 

'J 



(voliM fraction) (tu>tal voIum flo%r) (density) 





Fraction 


Dansity 

lb/ft3 


Mass Flow 

Ib/hr 


Knthalpy, Btu/lb 


at >■ 


«00**F 


at 350*F ^ 


Btu/lb 


- Btu/hr 


Btu/1^ 


Btu/hr 


oa 

V 










; » 

.' / 






























— r 








7f400 


1,212 


8.97 X 10* 














tbtal-^ 


1.00 






^400 ■ ^ 


H35O - 













Hota: Oanaltiaa availabla fro« Attachaant 2-1, p. 2-23 of the Student Maftual. 
fiithalplas froa AttachMnt 2-7, p. 2-29 of the Student Manual. 
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■> ^ \ f ] 111* MfMi (II 



400 ^ ^^350^ Utu/;hi. 



A 



ir " . iH-lue G 



Btu/hr 



Part 5. 



R«fer to -fequatlon (2) of the Problem State^nent^ which 
gives : 



on rearrangement 



At 



Air " <"-^-Air^ ^ ^^-^^ Btu lb°F x Air Flow Rate, IbA 



^''c^b^-^''^ ^"^^ Attachment 2-1, p. 2-23 of the Studeht Manual, 



Air Flow Rate, Ib/hr - (Volumetric Air Flow, scfh) (density, Ib/scf) 



scfh ) v( 



Ib/hr. 



Ib/scf) 



Substituting into expression for AT 



At 



( 



Air 
Btu/hr) 



Air 



(0,24 fltu/lb-°F) ( 



Ib/hr) 



Part 6. 



Air temperature after preheater - 60°P + At. 



60 y + 
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CHAPTER IT 
COMBUSTION SYSTEM DKSTGN PnOnLF^MS 



PROBLEM II. 1: Calculation of Furnace Volume 

Conslc^r the design of a pulverized coal-fired furnace which operates with 
an^erag^ energy release ratii of 25 ,.000 Btu/hr per cubic foot of furnace 
volume. Ae furnace produces steam with an energy output of 55^ x 10^ Btu/ 
hr and a thermal efficiency of 80%. 



Calculate: 



1- Otie furnace volume for the ste^uI^ generator. 



Solution for Problem II. 1: 



1. Determine the fuel energy input requircKJ in order to realize the 
given energy output 

. Qs . 55 X 10^ Btu/hr 



0.80 



Btu/hr 



2/ Rmf%r to Tabl« 9.6 in the Student Manual, p. 9-10, to obtain 
th« av«rag« design value for the heat release rate of 25,000 
Btu/hr ft-' for pulverized coal firing. 



Furnace Volume ■ 



25,000 25,000^.. °^^ - 

hr ft^ w hr ft-'^ 



ft3 



'./ II- 1 



PROBIJJM II.?, r.",L!;\«i:V. >f.'ll:»"»<* IM an Review 

i^Jr*^nli!i °'^9«2i««tion propo.« to build . 100,000 pound.-p.r-hour 
ri T"* r«av«l, .iMllar to that .hovn in Attachment 9-4 of 

fJ!^ ili! " 't. hlgh-t rh. volu- corra.ponding to 

th«^ di««n.ion. include. th« .yp^rh.at.r volum., which i. «i«ll enough 
Z ^ "^ TJ^ calculation. fu.l for th. propo.ad unit T 

J^'^''^^**'^^* ''^tu.inou. coal d^.crlbad in Attachment 3-11 
of tha Studjmt Manual, p. 3-20. Ih. .f IS Orator will raqCira 
6 tona par hour of thi. ooal to achiav. ita ftai ataa* Capacity. 

P*taiiidoa i \ - • " 

1. If tha fumaca voluMa ia adaquata, , 



Solution for Problaai H.2 i 

1. Calculata tha> fumaca voIum ualng tha dimanaiona 

Fumaca volui* .« (Imngth) ir (Width) x (haight) - (a^parhaatar vol 

• < ^ ) « ( ) X ( ) - ( 6,0) 



glvanx 



ft^ 



^' ^iT'i.*^ •"•^ rata par cubic foot for tha apad- 

fiad fual and daaign capacity. 



Bn^rgy ralaaaa rata - <«>1 firing rata) x (high ar haating valua) 

(rurnaca voluaa) 



) 

Btu/hr ft' 



J. OoiVara^tha ralua obtained abova to that glvan in Table 9.6 on 
p. 9-10 of th* Studant Manual. 




A 



ERJC 



F'HOniJ-J^ 11,1; C/i 1 (mH at ion oi. rwi^MM:** CaM l".x \ t. Tf*mp«>i at wt v 

A reheat steam generator design has energy utilization baseil an the 
total energy input (higher heat value) as follows: 

1 . Elnergy aJDsorbed in radiant boiler . , 40 . 5% 

2. Energy £d)8orbed in convection superheater . . . - . 20.8% 

3. Energy ^lbsorbed in economizer , 6.6% 

4. Energy absorbed in steam reheater 8.0% 

*^5. Energy absorbed in air preheater 5*0% 

6. Furnace heat losses 3.0% 

7. Flue gas and other losses 

100.0% 

'R\m unit is fired with pulverized coal, using the coal dedctibed as the 
^ '**as received"* coal listed in Attachment 3-12 on p. 3-21 of the Student 
Manual. Ttie unit operates with 15% excess air; and the covibustion air 
is preheated to 300^. 

Calctilate ; 

1. The teB;)erature of the gas leaving the furnace. 

Solution for Problem II. 3 t 

i; Determine the theoretical air required to bum tha ^al speci- 
^^ied, iising Eqpiation 4.1 on p. 4.4 of the Stiident Manual. 
The coal is 75% carbon, 5% hydrogen, 2.3% sulfuTr 1.5% nitrogen, 
6.7% oxygen, 2.5% moisture, and 7.0% ash. 

Theoretical Air - - 11.53 (C) + 34.34 (Hj - "g-) + 4.29 (S) 

- 11.53 ( ) +'34.34 ( ) + 4.29 ( 

3 

" _^ lbs per lb of coal , \ 



/ 



y II-3 




2. Calculate total alt. ^ 

Total Xir - A. - (1.0 * U*) A 

lOO' t 



(1.0 ^ ) X ( 

100 



4 

_ lb« p«r lb of coal. 



^' r^'i^J^of't^T'S! ^" P^^o^ «-ing Equation 4.2 on 

4-5 of th# Student Manual: ^ 

^ 1h«or«tlcal flua gaa • g 

■ ("f - noncxjBtouatiblas) + a^ 
Chooaa a baala of ona pound of fual, so that mf - l, 

" lb g«« P«r lb of coal ^ 

Actual flua 9a. - - (G + Aj) - g + x A^ 

s 

- < ) * (_-,x, , 

" - . Iba 9at par lb of coal 



"-W, Qu' «b«>rbad in th. fumaca ration 
UrSo^^nt^ boilar in thia casa) . \^ \ 

- (fraction of anargy abaorbad in radiant boilar) x ' (HHV) 
• 0.495 X ( ) 

■ — — Btu/lb of coi 



>al/^ 
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Nc?te that l.s Also t«!l;»1o.J to t ho enot -jy i npvit «s f.>Uows- 

Qu - (lower haating viilu.) - (losaas) - (energy in th« gaae* 

leaving furnace) 

which i3 given by Equation 4.8 on p. 4-7 of the Student Manual 
Ou - H - Ol - Cp (t, - t^) 

• - The energy, H, ia obtained froai 



H - HHV - energy of the water in flue gaa 
* - HHV - , 

where : 

water in flue gaa - 9.0 x (Hj in fuel) + (aa-fired 

moiatiire) 

V 



- 9,0 X ( ) + ( ) 

- • IbB HjO/lb coal 



0^ 

and the energy in this water i» 



- (lb» of water per lb fuel) x (latent heat of 

vaporiziitib^) 

. ^ Iba HjO 

r 

■ . Btu per "^Ib coal 



now 

H HHV - 



( , ) - ( ) 



Btu per lb of coal 



II-5 



?9 



1^ 



" - .fraction of •nsrgy lost f roai fvirnac« 



X (HHV 



% 

- ( ) X ( ) 



Btu p«r lb of coaI 



tiM fumvott gim tMiwratura Is o«lculat*d by siibstltutlng 
▼mliMS obtidJMd fxm , H , , togathM: with « 

▼aliM for - 0.26 Btu/lb °r and t - 300<?F: 



» - ql - <=f s <*^f - 

) - ( ) - ( 



( ) (0.26 ^Sg^) (t^ - 300) 



thsraforst 



«^f 
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CHAPTER III 



EMISSION CALCULATIONS I 



PROBLEM III.l: Pollutant Et&iaslons from Coal-Fired PotMr Plant 

• -^—^^—^ _ — ^ . — 4, 

Plans cal> for a 500 MM* powmr plant to have a dry-bottom design and to 
burn pulverized coal. The overall thermal efficiency is designed to 
be 34%. rtxm coal specified in the plans contains 1.3% sulfur, 22% ash, 
and has a 12,500 Btu/lb HHV. 

Cowpute I 

1. The input energy required when the unit is operAted at the rated 



capacity. 




Ttia 


coal firing rate at the rated 


capacity. 




pollutant mass rate for emissions of: 




SO2 






Partlcxilates 




c. 












d. 


HC 


I- 


a. 


CO 


> 


Th% 


process emissions per million 


Btu of energy Input for ^ 


a. 


SOj 




b. 


Pdlrtlculates 






degree of control required to 


meet a 1.2 lb S02/10^ Btu per 


^ f oraanca standard for SO2 . 


•nia dagraa of control required to n 


aeet a 0.1 lb partlculate/10^ 



•III-l 

3i 



St)l v>t 1 m\_to _ Prob 1 «A IJJ_. 1 : 

1. Plant •l«ot|:lc outpidit rating and thanMl afflclancy can b« uaad 
to find anargy Input froa Bquatlon 4.9, on p. 4-8 of tha Studant 
Manual. 



Qb - anarw in - •n*rgy out . Q, 
> thannal aff n 



^ X 3413 x 10^ ^ 



t 



Btu 

hr 



2. With tha valua of Q^^ and tha ooal HHV , tha cxMil-firlng rata 
la glvan byt 

[ ^. ..Ton ^ < * ^ 



hr HBV pmr ton v Btu 



( ) ^ X 2,000 ^ 



hr 



3a. Iha pollutant aaaa rata for SOj can ba obtalnad uaing tha coal-fir 4ng 
rata and tha awLaaion factor for SO2 (rafar to Stixlant Manual, p. 5^30 
for aadaaioo factors) > 

ton ooal hr 



lb SOj/hr 



\ 



111-^2 



S2 



(PMR) 



. n 1. part. ton coaI 
■ I / K A — X m*f 

ton c'o/^i ' i.y- 



- 17 ,x ( 



. lb part. 

) ^ — - X ( 

ton coal 



'v. 



lb part./hr 



Similarly, thm PMR for NO^ would be 



(PMR) 



18 



lb NOx 
ton coal 



X ton coal 



- 18 



ton 



coal 



X ( 



ton coal 
hr 



lb NOx/hr 



Similarly the PMR' a for CO and HC are; 



<™>HC ■ < 



- ( 



) 



lb HC 



ton cx>al 

\ 

) X /( 



- _^ ton c oal 



) lb BC/hr 



lb HC/hr 



(PMR)^Q - ( 



lb CO 
ton coal 



ton cx)al 
hr 



- ( 



) X ( 



) lb CO/hr 



lb CO/hr 



III- 3 



4«. ■n.. SOj proc.,, »ml,.l.i„, million HI,. ..,„.,'„„ i ,„„„ „,i, 

Oh 



hr 



) Btu 
lb 8O2 

10* Btu 



, ^ \ ^ PMrticolaf /hr 

< ) Btu/hr 

" lO^'Btu 

I 

2?^— ^ pwrformno. .t^iidurd. «r< ll.t«l on p. 5-20 In th« at«tont 
rrc .bm th. o.lcul,t«l - ; u, so,/10« Btu 

- / ^ 1 



III-4 



3^ 



^■SO ) " St Aiu!/»r d * 
L>«<j|tO« of COtltlOl UC<»dOii - — X 100% 



) - 1.2 

X 100% 



) 



% reduction of tha 
uncontroll*d value 



Similarly thm partlculataii atandard la 0.1 U>/1Q^ Btu and tha 
astlmatad uAcoutjrollad pa»t:lculataa «aa 



"part 



. ^ ) partlculataa 

10^ Btu 



Epg^ " Standard 

Dagraa of control n*ad*d - . x 100% 

Bpart ^ 



) - >1 



( ) 



X 100% 



% reduction of tha 
uncontrolltfS valua 



/' 
\ 

\ 
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PROBLEM III. 2.. ru.l sulfur Ll^lt 



Calculation 



1- Tfim Mxim sulfur con,x)«ltlon of the 23^ 
Solution to Probl— ttt o, 

rro* student M«ual, Attachment 3-5, p. 3-15, find. 

h..t Of ^^.^^ ^ 

On« should not* that 90 < ■ w> 

">*t i. 1/2 oxyg.n and 1/2 .ulfur by weight. 

ni«r«for«. 



Ma* s - ^liLi , (o.e ib^ S 02) . J 

2 10^ Btu ib oil 

HI 

^ s 

Ibft oil 



% S in the oil 

V 



V/ 



m 



. V 
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CHAPTER IV 



EMISSION CALCULATIONS II 



^ROBLEM IV. 1 1 Exc#«« Air Calculation ham%d on Or»at Analyla 
Th« affluant of a coabu.tlon unit in charactarl«ed byi" 



Oraat Analyaiat ii% oo^, 9% Oj, 2% 



C» 



SOji ^i20 ppm 



Gaa Flowt 200,000 acfm • 27.5 In.Hg praaaura, 

340^ tai^wratura, 8% nolstura by voluae 

PartJ.culataat 400 grain par acf 



Calculatai 



1. tha parcantaga of akcaaa air In tha flua gaa ualng Equation 1 
fro« Attachaant 5-4, p. 5-23 of tha atudant aanual. 

2. Tha SOj Mlaalona In mlcrograi^ p«^ cubic awtar {]»g/m^) . 

3. Tha voluM of tha dry flua gaa at tha obaarvad coadltlona. 



4. Tha voluaa of tha dry flua gaa at atandard condiUona which 
ara a praaaura of 30.00 inchaa of aarcury and a taw>arature 

of 60Of. 

5. Tha particulata concantration baaad on atandard praaaura and 
t«apar«;|tura. 

6. Tha particulata aadaaion concantrationa corractad for 

* * 

a. . 50% «xc«ss air 

b. 12% OO2 

c. 6% 
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Solution for Problam rv.lt 



X. R«f«r to Stud«nt Manual, p. 5-23, to obtain the equation for 
computing the excess air from an Orsat analysis. 



- f£ _ E X 100% 

0.264 - (Ojp - 0.5 COp) 

The nitrogen in the product gas, Uj^ , may be calculated as 
follows : 

Njp - 100 - %C02 - %02 - %C0 

/ 

- 100 - ( ) - ( ) - ( ) 

r 

< ■ 

^ Substitute the above vmlue into equation for BAi 

( ) - 0.5 ( ) 



EA - 



0.264 ( • ) - ( - 0.5 ( )) 



% excess air 



2. convert 120 SOj ppn to ug/m^ using Equation 5.8 on p. 5-5 of 
the Stud«nt Manual I 



40.8 X (MN) ^ 



1 ppa SO2 - 40.8 X {"^ ) iJi - i!?. 



120 ppw SO, - 120 X ( ) m U9 ' 

I 
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\iq 

R«c1u(:« th* — vullts to ^ , by tiotinq thrtt 
m ' n > 

1,000 « ^ ■ 1 
ni«r«for« 



UO pj«i - ( ) ^ « 10"^ 



U9 



3. Calculate th« voluna of th« qmu u follawsx 

Vo dry ■ ^^-^ ^ ■oi»tura) 

n ( ) (1.0 - ) 



4. Raf«r to the Studant Manual, Equation (1) on p. 5-22 and 

dry *^ ^* «lry ' " 30-00 Bg and Ti - 520 R 

. J 

• Vo 



- ( •)'>K J L . A I 

( ) ( ) 



acfii 



S. LikafwlM raduca tha particulata loading ooncantration to that 
_ at tha standard condition* 



IV-3 



3,9 



- ( 



) X 



( ) 



( ) 



" qrhin/»ct 

6a. R^f.r to th« Student M*nu.l , p. 5-23 and u»m Equation. (2) and (3) 
to^calculat.. tha p^tlculata concantrationa on a 50% axcaaa-alr 



50V 



1 - 



- 1 - 



r i.SO - 0.133 ^ 0.7 

|_ — 0.21 

| ~1.50 ( 



5 CO 



) - 0.133 ( ) - 

0.21 



0.75 ( r j 



■ V 

c - ^* . < ) 

^ ?50V 1 r ' — 9rain/«cf 

b. Oorr«ct to 12% CO2, vmihq Bquatlona (6) and (7) on p. 5-23 of tha 
Studant Manual 



r _ ^2p ( ^ ) 



12V 



0.12 ( ) 



^12V ■ - grain/acf 

'12V ( ) 

/ 

Oorract to 6% O2 ualng Bqu«tlon«..-(l0) and (11); howavar, note that 
Equation (10) anould ba modified for tha nat 0, (after the CO is 
oxidizad) : ^ 



P . 0-21 - (02p - 0.5 (COp)) 

0.15 ^ 
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PROBLEM IV, 2 1 

Ions 



UBgjof, F-f actors to Compute E^lnBion Concantratic 



•me flu. g«« oxvqen i« 9^ \n:J%K ^ L graina/scf (dry basis) 

on « dry bails monoxide is 2%, as 

measured 

Callcuiata: 

" - (.rains/.iXXion Btu, 

V 

Solution to Prot^Mn iv.2 i 

Pro. Att«cJ»ent 5-4, p. 5-25, of the Student Manual, find: 

dscf 



''d 



Io6 Btu 



with given C^, value and the con^^uted F. , use Equation (5 32) 
p. 5-16, to calculate E , the particulate emiJslona, ^IJtns/lO^ Btu ' 



B 



r 20.9 n 

1^0.9 - (Ojp - 0.5 COpJ 



) X ( 



[20.9 n 
20.9 - ( - 0.5 ( nj 



gralna/io^ Btu 



45 



PH0HIJ-;M IV.li r.Ti.K'ul/»t. ton of Ffftctoi 



r-factors are useful In the calculation of emissions from combustion 
■ourcea. Consider a bituminous coal having the "aa-firad" ultimate 
analysis of 75% carbon, 5% hydrogen, 6.7% oxygen, 1.5% nitrogen, 2.3% 
sulfur, 7.0% ash, and 2.5% free moisture. The heating value of this 
coal is 13,000 Btu/lb. 



Calculate t 



1. "Rim F-factor, F^ , using the Equation 5.28 on p. 5-15 of the 
Student Manual and covpAire this value with that given in 
Attachment 5-5, p. 5-25, of the Student Manual. 



Solution to Problem iv.3i 

^ 

The equation for the P- factor, , la 



dscf 



(3.64 H2 + 1^53 C + 0.57 S + 0.14 N - 0.46 Oo) ^ 

P - 1_10« 

^ HHV 10° Btu 

■ ^/ . 

[3.64 ( ) + 1.53 ( ) + 0.57 ( ) -»- 0.14 ( ) - 0.46 ( )] 

- . 



dscf 

10^ Btu 
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PROBLEM IV,4i Calculation of Pollutant Co nr«nt; r^^M^ 

«lr'"'ni^i^t' ""Tti '"^^'^'^'^ - Of 5 ton/hr with excess 

«ir. An .valuation of th« affluent yields the following dat«t 



Oraat Analyaiai cOj 9.1% 



10.6% 



CO 0.0% 
Velum Plowt 26,000 acfm 

Pollutant Mass Ratet 130,000 graina/min. 

Computi I 

1. Thm particulate concantration corrected to 50% excess air. 

2. The particulate concentration corrected to 12% COj. 

3. Thm particulate concentration corrected to 6% O^. 



\ 



Solution to P rob lea IV . 4; 

1. Find tha particulate concentration, , using tha flow and the 
pollutant saa. rate from Equation 5.21, p. 5-14 of the Student 
Manual ? 

t cv, - 



Manual: 

PMR 



) grains/min. 



) acfm 



grains/scf 



Correct the concentration to 50% exces? air using Equations b) and 
(3) on p. 5-23 of the Student Manual 



^50v - 1 - 



- ; - 



1.5 02p - 0.133 N2p - 0.75 OJp [' 
L 0.21 ~ \ 

r ^ ^ ' 

1.5 ( ) - 0.,133 ( ) - 0.75 ( ) n 

L 0.21 /J 
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/- 1 - { 



c - ( ) 

^50v ■ * ' 



'50v, ( ) 
grain«/tcf at 50% BA 



Conr^ct thm concantration to 12% COj uaing Bquatlona (6) and (7) 
on p. 5-23 of tha Studant Manual 



ERIC 



0.12 ~Tir 



^^12 ( ) * 



grains/scf »t 12* CO2 



I 

3. Corx^ct th« conciliation to 6% O2 using Bqu«tion« (10) and (11) 
on p. 5-24 of tha Studant Manual 



'6V 



0.21 - 



23s. - 0»21 » ( ) 



0.15 0.15 



^ ^6v ( ) 



It 4 



grain»/tcf at 6% Oj 
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PROBLEM IV. 5: Correction of NOy Emission Concentration to 1% (^2 

Limiting the excess air during combuation is am im^x^rtant technique for 
controlling the NOj^ emissions. In order to provide a more meai\ingful 
basis for comparison, the resulting emissions will bo corrected to a 
standard basis of 3% O2 (or i\ excess O2) . Consider the emissions 
of 200 and )00 ppm from an oil-fired power plant under the^i^ck gas con- 
ditions A and B, respectively (which have different condition^ of excess 
air) . 



Condition 



A 

B 



CO^r % 



13.3 
9. 7 



Dry Volume Basis 
% N2, % 



2.2 
7.3 



84.5 
83.0 



NO^, ppm 

200 
300 



Determine : 



1. Ttia excess air corresponding to conditions A and 

2. The correction factor to ba. used In correcting MO^^ emissions 
from tJielr actual condition to tJie basis of 3% 



Tlie corresponding values of NO^^ at the standard^ basis of 3% 
oxygen « 



I 



Solution to Problem TV. S i 

1. Find the excess air for conditiono A and B using Equation (1) 
on p. 5-23 of the Student Manual. 



%EA - 



Ojp - 0.5 COp 



0.264 - (Ojp - 0.5 COp) 



X 100% 
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For condition A: 



%EA - 



) - 0.5 ( 




) 



- ( - 0.5 ( )) 

for cx)ndition A. 



X 100% 



4S 



I 



Koi coikdition B: 



%EA - 



) - 0.5 ( ■) 



0.264 ( ) - ( - 0.5 ( )) 



for condition B. 



X 100% 



\ 



Th« voIuM correction factor for flu« gae Oj is derived frol 



0.21 - O 



2p 



0-21 - O2 



0.21 - O 



3v . 



0.21 - 0.03 



0,21 - O 



2p 



( ) 



Use the correction factor developed above, to correct the owasvured 
NOj^ eaiasions at conditions A and B to the 3% O2 st:andard basis: 



For 200 ppn ND^ at 



% excess air 



'3v 



'3v 



200 ppa 



.21 - ( ) 



.18 



For 300 pF« MOy at 



ppm correc^yi to 3% O. 
% excess air 



'3v 



3v 



21 - ( ) 



ppo corrected to 3% 



.16 
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CHAPTER V 



AFTERBURNER DESIGN PROBLEMS 



PROBLEM V . 1 



Afterburner Design for Meat S«iok«houB« Effluent 



Consider « »eat smokehouse discharging 1,000 scfm effluent at ISO^r 

ttT, IVtt '° * concentration of poilu- 

^le^Lfi T P«^»TP*»:'*»illion level, -mis could be acco«vli.hed by 
thermal incineration at l,200Or for at least 0.3 secondr^Wie follL- 
ing are reasonable assKsnptions: «m« I.oilow- 

l. Thm amount of combustibles in effluent gase^ is very low, 
there is no contribution to the heating value due io their 
* oxidation. / 

2. Effluent gases have the sane tjiermal properties as air; 

3. Intake combustion air is available at 60*^. 



Determine : 



1. The natural gas required for preheating the contaminated 
effluent to 1,200*>F using all fresh confcustion air intake. 

2. -me afterburner throat diameter to give 20 ft/sec throat 
velocity for good mixing. 

3. The diameter and the length of the afterburner for a minimum 
AfterburSe? "^'^^ °' ^ afterburner chamber velocity of 12 ft/sec 
Schematic: Clean Flue Gases at 1,200°F 



Waste Effluent 
1,000 scfm 
at ISO'^F 




Natural Gas, Gg^g 
Combustion Air, Gj^^^ at 60^F 
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is 

j 



y 



Solution to Problem V.I: 
CKoos* as a basis for calculation: 
1 hour operation 



Part 1, 



X 



a. Calculate waste effluent flow rate, nT^S^b/hr) 
a « (volume flow rate) (density) 



have piTdc 



1 

Since assumed effluent tp have properties of air, density from Attach- 
ment 2-1, p. 2-23 of the Student Manual, 



- (1,000 acfm) (0.0766 Ib/scf) (60 min/hr) - 4,600 Ib/hr 

* 

b. Calculate thereat rWulred/^o increase the ^fluent waste stjoeam 

te«5)erature from ISoA^to l/200^F, allowing for lot loss (i.e., multiply 
by 1-10) : ^^-^y 

Q - 1.10 m AH 

Enthalpy dlffarence, AH, ^obtained by using Attachment 2-7, p. 2-29 
of tha St;udant Ni^ual: 

Enthalpy of air at l/2do°F is: 288.5 Btu/lb 
Enthalpy of air at / 150°r ia: 21.6 Btu/lb 



Therefore, AH - 266^9 Btu/lb 

Therefore, ( - / 

Q - (1.10) (4,600 Ib/hr) ^266.9 Btu/lb) - 1.35 x 10^ Btu/hr.- 
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c. Available h4at from natural gas, Qj^ (Btu/acf) 

AaaiMMt Gross heating vi^ua of natural gas - 1,059 Btu/«cf 

•rttaoretical conbuation air - lo.O scf air/scf gas 

OoBihistion products - 11.0 scf/^cf gas. 

^ . Fro« AttaclMent 2-31 of the Student Manual, obt^ for 1,200^1 

flu« gaa teaperature: 



■V^P. 2-31 of the Student Manual, obtain fo 
ire* ) 



Qj^ - 690 Btu/acf . . 

r 

Cmia la th« aK>unt ofh^at" remain^ after the coritmstl(|n products 

1 "cf of gaa are raisad to tlllT afterburner teaperatura . -niis 
haat is than available for heating the waste affluent to the same 
aftarburnar taaiparatura . ) 

d. Natural gaa naadad,' G (acfh) i 



G 

gaa 



Part 2. 



(1.35 X 10^ Btu/hr)/(690 Btu/acf gas) - 1,960 scf gas/hr. 



a. Volxase of coabustlon produc^ at 1,200*^, 'G^ (ftV««c) 



'P 



Gp - (1,960 acf gaa/hrXll.O acf prod/acf gaa) (460 -f 1,200,°R)/(460,+ 60,^) 
- ^d,800 ft^/hr - Ip.l ftV««c. 



b. Voluaw of waste amuant at l,200®r, 'g^ (ftV««c) 
Gj - (1,000 scftB)(460 + 1,200^*^)/ (460 + 60,*^) 

3,190 ftV»in - 53.2 ftV»ec. \ 



c. Total volUMtrlc flow of gases to the afterbvimar chandber through the 
throat? \ 



^tot " S * S " 53.2 • 72.3 ftV»«c. 
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d. Aft«rburn«r throat area A^.^^.^^^^. - 
Throat diameter d - (^A^hroat^"'^) 
Now the velocity through the throat isi 

^throat " ^tot/^throat 

Cowtoij^nqjm^ (A) .and (B) above to eliminate the throat area 

and eoVving for throat diameter, d : > 



L ^ ^^iroat J " 



^l^iroat 

For required throat velocity of 20 ft/\sec: , 
J^(4/TT) (72.3 ftVsec) / (20 ft/aecH ^ 



Part 3. 



- 2.15 ft f 



\ 



AftJtbumer chamber velocity specified at 12 ft/aec: Thum chamber dia- 
Mt^r, D , obtained from Equation (C) above with V. , ' replaced by 
Vchartber - 12 ft/.ec mroat 

D • [^(4/ir) (72.3 ftVsec) / (12 ft/sec^ ^ - 2.77 ^t 

Length of afterburner chamber (I/D ^2) 

Minimum « 2D * (2) (2.77) - 5.54 ft 



Check residence time, ^t 

^ ■ ^chaa4)er " (5.54 ft) / (12 ft/sec) - 0*4fi^^iic' 



Since t « 0.46 sec is greater than the miniirmm r^uired residence 
time of 0.30 sec, the above design is satisfactory. 
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(i) heat recovery from clean gaaea to preheat incoming 
waste effluent, and 

(ii) using oxygen from the waste effluent stream for 

dombustion, thereby reducing primaxry air require- 
nents for the auxiliary fuel. 



This latter option is illustrated in Problem V.2, 



ERIC 
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PROBLEM V , 2 : AfterburnT Dealgn with Combustion O xygen from Uie 

Cc^Jl^fAmlnatAd Ff fluent ^ 

A8SUIM that the meat smokehouse effluent in Problem V.X has also the 
sam# composttion as air (21% by volume oxygen) except for the minute 
concentration of contaminants. Repeat the calculations of Problem V.l, 
but use the oxygen from the smokehouse effluent for combustion of the 
auxiliary fuel as much eu$ possible. 

lUasonable assunptlons are; a mixing-plate type burner (see Attach- 
ment 7-6) will be used in this application. A ring baffle, which was 
used in Problem V.l, will therefore not be necessary to obtain good 
mixing between the auxiliary fuel combustion products and the effluent 
to be incinerated. 



Determine t 

1* The hypothetical available heat for this afterburner application. 

2- TSie natural gas requirements and the fraction of combustio^|^xy- 
gen available from the effluent. -* 

V 

3. The afterburner dimensions as in Problem V.1-3. 
Solution to Problem V.2 ; 

Prelimlnaify Notes on Hypothetical Available Heat Calculations: 

Let • fraction of theoretical air for burning auxiliary fuel entering 
through the burner (primary or fresh intake air) 

1 • X • fraction of theoretical air from waste effluent 

• heat content (enthalpy) of effluent at final temperature 

Hj - Cp At - (0.24 Btu/lb-^P) (T-60, ^) ^ (A) 



weight of combustion air from effluent ! 

- ^> PAir • ^ (9) 
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H«At content. Q. of that cnmbu.nMon^fi t r rtt fin,\\ <\f t nt hur nci t<Mi>jwMA<uir 



- W H, 



A,^ (1 - X) p Hp 



Sinc« this amount ^ heat, Q, is no longer needed to heat up fresh intake 
(primary) air, it will be available to heat the rest of the contaminated 
effluent. Thus we have a "hypothetical" available heat, Q' • 



"s5 



Q; - ^ (1 - X) p H- 



where 



Qj^ obtained from aources such ae Attachment 2-9^ p. 2-31 of 
the SttKSent Manual 

p 0.0766 lb air/acf 

- 10.0 scf fiir/scf natural gas bui*ned (typically) 

Hg - calculated from Equation ( 




For a natural gas with 1,059 Btu/scf gross heating value and the above 
burning characteristics, the hypothetical availal51e heat as a function 
of the afterburner temperature is: 



Afterburner Tenperattire 



Hypothetical Available Heat 
, Btu/scf gas 



600 

800 
1,000 
1,200 
1,400 
1,600 
1,800 ^ 



830 + 100 (1 

785 + 136 (1 

740 + i73 (1 

690 + 210 (1 

645 + 246 (1 

600 + 283 (1 

(f^ 550 + 320 (1 



X) 
X) 

X) 

x'i 

X) 
X) 



\ 



AaauittM UraL that no i,rin«ry air la needed, I.e. X - 0, ^ncl all combustion 

air comes from the waste effluent. l^ia needs to be checked, if assump- 

^^../tion la not justified, adjust value of X and go through the calculations 
again. 



Hypothetical available heat for T - l,200°Fs 



" (1-0) - Dtu/3cf gas 



Part 2 , ^ 
Auxiliary natural gas fuel needad 



^gaa " (Heat to raise effluent to 1,200*^)/q' 

- (1.35 X 10^ Btu/hr)/( Btu/scf gas) 

" scf ga»/hr 

Theoretical air needed to bum auxiliary gas: 



< sc' gas/hr) (10.0 scf air/scf gas)/ (60 mln/hr) 

* * 

ncfm air. 
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Conpara the above G^ij. with volximetric flow rate of waste effluent (which 
is equivalent to air) . \ 



^air ^effluent ' assumed value of X justified and proceed 

to next part.* ^ ^ 

^air ^ ^effluent ' adjust X accordingly and repeat aJbove 

calculations. 
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i 

Part 1. 

Auxiliary fu#d co«bu»tion products at 1 , 200^F , 

- »cf qaa/hr) (11,0 met prod./scf gas) (460 + 1200)/ (460 + 60) 
• ft^/hr 

tusti^ •ffluwit voluM at 1^200^^ , after removing portion already 
accounted for in auxiliary fuel burning t 

• 4i%n 4- i nin i , 

G - (1,000 - G.. ) (-^2iLZ ) - ftVeec 

K 460 + 60 sec 

Tbtal* voluMtric flow to afterburner: * 



- G_ + 



" G 

pot p 



+ , - ftV««c. 



AftArbumar Chanb«r Dlomatcr (Equation C fron ProblMi V.l): 



C{4/Tr) (g' J / (1? ft/«ec)l 
tot 1 J 



ft. 



/ 

Aft«rbarn«r l«ngtht t 



L - 2D (2) { ) - ft. 

R«sld«nce tiii» (Equation (E) from Problem V.l): 

^ " ^^chamb^ - < : - / ft/sac) 



sec 



> 0. 3; hence O.K. 



CHAPTER VI 



COMBUSTION SYSTEM CALCUIJVTIONS 



PROBLEM VI . 1 : Fuel Rgquirements for Combustion Installation 

steam generator is rated at 400,000 lbs of steam per hour. Steam (99% / 
dry) leaves the boiler at 1,500 psia pressure and enters a superheater. ^ ^ 
Steara leaves the superheater at 1,400 psia pressure and a temperature 
of 1,000^. Thm feedwater for this unit enters the economizer at 300^F 
and leaves at 400^. The overall thermal efficiency of the steam genera- 
tor is 74%. "rtie energy and water losses associated with blowdown may be 
neglected. 



Compute I 

1. The rate of energy delivered to the: 

(a ) economizer , 

(b) boiler. 



1 



(c) superheater, and ^ 

(d) the total delivered 



2. Thm fuel energy required, million Btu/hr ^ 

3. T^e fraction of the fu^l energy whlcl^ is 2d)8orbed In the 

(a) econoodLser, 

(b) boiler, and ♦ * \ 
(d) superheater. "^v^ 



\ 
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SCHEMATIC DIAGRAM FOR PROBLEM VI. 1 



400,000 
3bs/hr 



Economizer 



300 F 

269.7 B/lbJj^ 



E 



7 



400 F 

h^- 375.1 
^ B/lb 

^7 



7 



Boiler 



B 



1,500 
psia 



t3-59(5.4F 
X3- .99 



Super - 


P4" 


^^^He^ter 




S 






^4" 







7 



psla 



B/lb 



h^- 611.5 + 0.99(557.2) 



■1,-163.1 B/lb 



^9 



V 



SmI \\\ ion til Pt « jI, 1 om V I . 1 



From the steam tabl 
water and steam: 


^8 


one 


may (ietermlno 


the 


OMt ha I py 


values of th« 








ilnf^ r , 




2riO . 7 


ntvi/ib 


Ecxjnomizer exit: 




m 


400'-''fV 




" 375.1 


Btu/lb 


Boiler exit: 


P3 




1,500 psia 


^3 


- 611.5 


+ X (557.2) 




t3 




596.39^ 




- 611.5' 


+ .99 (557.2) 




X 




.99 




- 1163.1 


Btu/lb 


Superheater exit: 


P4 
t4 


m 


1,400 psia 
1,OOOOF 


^4 


- 1493.5 


Btu/JLb 



1. Con5)ute the energy delivered to each sect;Lon using Equation 4.13 
on p. 4-10 of the Student Manual. 

a . Economi ze r : 



- 400,000 l^^^ ( 
hr 



Btu 



Btu/hr 



b. Boiler: 



400,000 '^•^ ( 
hr 



Btu 
lb 



Btu/hr 



c. Superheater; 



\ 



IHg (h4 - h3) 



400,000 steam , 
hr 



) 



, Btu 



Btu/hr 



60 



Total 8 



) + t ) + ( ) Btu/hr 



Btu/hr 



2. Ttie fu«l energy input^requlred may te determined using Equation 
4.9 on p. 4-8 of the Student Manual, 



5»_ - ( ) Btu/hrN 
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Btu/hr 



3. The fraction of the fuel energy which is absorbed: 
a- Economizer: 




Oh { ) 



b. Boiler; 



Qh ( 

Superheater : 
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PROHLKM VI. J. Ti^mhvPM ion ! mpr (>v«MmMi f 



/ 



0. 



combustion modification of a boiler resulted in ^hanqing the excess air 
aa may l>e determined fn^tn the followinq Orsat analyses of the flue qas: 



Gas 



Before Modification 



After Modification 



CO. 



10. 1% 



15.0% 



CO 



8. 3 



0.1 



3.1 
0.0 



The fuel fired was lignite coal which has the following analysis: 
0.22% S, 6.39% 37.37% C, 0.61% N2 , and 44.99% 03. The heating value 

is 6,010 Btu/lb and the proximate analysis is*: 36.93% moisture, 24.92% 
volatile matter, 27.72% fixed carbon, and 10.43% ash. ' 

The unit operates 7,700 hr per year with an average load of 5.3 tons of 
coal per hour with a fuel cost of 75^ per 10^ Btu. Assume that before 
and after the modification, flue gas ten?>erature was 355°F» the refuse 
was 0.1062 lb per lb of coal; and the average combustion air was at 
75«>F. 



Compute ; 

1. T^e excess air 

(a) before the modification, 

(b) after the jnodif ication. 

) 

2. The theoretical air required to bum A pound of the specified 
coal . 

3. Ttie theoretical flue gas produced from firing a pound of coal. 

4. actual flue gas produced per pound of coal 

(a) V>efore the modification, 

(b) after the modification. 

5* The change in flue gas energy loss per pound of coal. 

6, The value of the annual savings from reduced flue gas losses, 
which occur because of the modif^ation ^ 

^ 
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Solution to Problem VI. 2 : 

i. Comi)ul.« exceas an knowiny thati 



N2 - 100* - C02% - - C0% 



a. Before nwdif ication: 

N2 - 100% - ( ) - ( 



) - ( 



) - 



\^ Determine *EA from Equation (1), p. 5-23 of the Student Manual: 
( ) - 0.5 ( ) 



EA - 



0.264 Nj - (Ojp - 0.5 COp) 

( ) - 0.5 ( 



X 100% 
> 





0.264 (81.5 


) ■ 


- ( 8.3 - 0.5 ( 0.1 )) 














% 




After 


modification: 






«2 - 


100% - ( 


) 


- ( ) y ) 




/' 

f 


% 




EA - 


( 




') - 0.5 ( ) 



X 100% 



0.264 ( ) - ( 



- 0.5 ( 



X 100% 



)) 



\ 
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2. "rtie theortttlcal air required is found from Equation 4.1 on p. 4-4 
of the Student Manual 



A^ 11.53 C + 34.34 (Hj - 



_02_ 
8 



) + 4.2a S 



11.53 ( )+ 34.34 ( - ( 



) + 4.29 ( 



lb air/ lb coal 
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3. Th« tiMorctlcal tlum qjku p«r pound of cpal fired may be obtained 
fro« Bquatlon 4.2 on p. 4-5 of th« Student Manual, with - 1 1 

G - ("f ~ nooooHbustible) + mf 

• 1 - ( ) ^ 1 ( ) 
" J lb gas/ lb ooal 



4«. Bmtof thm ■odtf teat ion tha actual flua gas p«r pgunil Qt coal 

1 



/ 

- A, ♦ O 



(At) ♦ O 



( ) X ( ) ♦ ( 

J 



lb gtM/ lb ooal f lr«l 



4b« Aftar tba ■odificatrlon tha actual floa gas wass 

- ( X ( ) ♦ ( ) 

« lb gas/ lb ooia f ixad 



5. As it was ststad that tha atvacag* aablant sjod Oxm gas 

turas did not (dianga aftar tim ■odl£ioatlbn« Jdm dlffaxanca 
in flna gas an ar gy loaa aay ba dataaioad using ftination 4.12 
on p. 4-8 of tha Stu ds nt Nannal 



( - ) X (0.25 x { - ) 



Btu/lh ooal flrad 
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6. The value of the annual savings resulting from reduced flue 
q*s losses will be: 



Annual _ coat ^ Btu_ ^ Ih coal ^ ^^^^ hr 

savings Btu lb coal,, ^ hr 

$.75 



year 

per yoBix 
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Btu , V lb coal 



)6 X ( ) TT-rrrr x ( x 200 ) 

X ( ) 



10 Btu lb coal ' hr 

hr 
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